A fabrication process is developed for growth of c-axis textured aluminum nitride (AlN) film on the sidewall of single crystal silicon (Si) micro-fins to realize fin bulk acoustic wave resonators (FinBAR). FinBARs enable ultra-dense integration of high quality-factor (Q) resonators and low-loss filters on a small chip footprint and provide extreme lithographical frequency scalability over ultra-and super-high-frequency regimes. 
I. Introduction
Dense integration of multi-frequency and multi-band acoustic spectral processor is essential for realization of the emerging ultra-wideband mobile communication systems that operate based on carrier aggregation. These systems require a large set of resonators with frequencies over ultra-and super-high-frequency regimes to enable spread-spectrum data communication with minimum latency 1, 2 . Current radio frequency bulk acoustic wave (BAW) resonator technologies rely on planar architectures, such as film bulk acoustic resonators (FBAR) or solidly mounted resonators (SMR), with large surfaces to accommodate the required electromechanical transduction area for low-loss operation. The frequency of planar BAW resonators is tied to the thickness of the piezoelectric transducer film that is constant across the substrate. This substantial limitation prevents singlechip integration of multi-frequency and multi-band spectral processors needed for carrier aggregation. Furthermore, planar BAW resonators occupy large chip area since their loss is inversely proportional to the electroded surface dimensions of the piezoelectric film. This becomes more pronounced in carrier aggregation schemes that require several spectral processors at 2 various frequencies and impose excessive integration costs and challenges 2, 3 . An alternative architecture that radically miniaturizes the planar footprint relies on integration of aluminum nitride (AlN) piezoelectric film transducers on the sidewall of silicon fins to realize high-performance fin bulk acoustic resonators (FinBAR) 4 . FinBARs enable ultra-dense integration of high Q resonators and filters in a small chip footprint. Furthermore, operating in width-extensional bulk acoustic modes, their frequency can be lithographically tailored over wide spectrums in ultra-and super-high-frequency regimes. FinBARs are ideally poised to provide a superior keff 2 .Q, compared to planar BAW and contour mode resonators 5 , due to the low acoustic dissipation in Si and the large d33 of AlN sidewall transducer film. In practice, however, the performance of FinBAR is limited by the texture and crystalline orientation of sidewall AlN film. In this paper, process conditions for growth of densely textured
AlN films with perpendicular c-axis on the sidewall of Si micro-fins are investigated, and the resulting films are characterized using scanning and transmission electron microscopy (SEM and TEM), and FinBAR prototypes.
II. Experimental
To facilitate investigation of the process for growth of c-axis textured sidewall AlN films, micro-fin structures are created on (110) Si substrate. Si micro-fins with various aspect ratio and distribution density are fabricated using Bosch DRIE process.
Due to the essence of this process, which consists of a finite number of isotropic etch and passivation cycles, the sidewall surface of micro-fins suffers from large roughness and scalloping. 3 fins after DRIE, highlighting a scallop depth of 23 nm. Figure 1(b) shows the sidewall topography measured using a Bruker Optical Profilometer tool, highlighting a surface roughness of ~28 nm in root-mean-square (rms). While achieving a high quality AlN films requires sub-1 nm surface roughness 6, 7 , hydrogen (H2) annealing at 1100°C is used to smoothen sidewalls 8 . sputtering AlN on micro-fins in wafers 1 and 2. In both recipes, prior to AlN deposition, wafers are treated in RF plasma discharge at power of 70W ensuring effective argon (Ar) ion bombardment to atomically smoothen the fin surfaces 9,10 . This is followed by AlN reactive sputtering at a base pressure of less than 2×10 -7 mbar with a power of 5.5kW. In the first recipe (recipe 1), the Ar and nitrogen (N2) gas flows of 5 and 17 SCCM are used respectively. In the second recipe (recipe 2), the Ar and N2 gas flows are significantly reduced to 3 and 15 SCCM, respectively. The recipe 1 is used for the wafer 1 and the recipe 2 is used for the wafer 2, and also wafers 3 and 4, after deposition of bottom electrode layer. The processing is continued on wafer 3, towards fabrication of operational FinBARs, by sputtering of 150 nm Mo layer with a DC power of 3kW. This is followed by patterning the top Mo electrode on the sidewall of the micro-fins, and finally creation of access windows to the bottom Pt electrode through etching of AlN using tetramethylammonium hydroxide (TMAH) solution at 50°C. The electrical admittances are calculated from the S11 scattering parameters. To de-embed the effect of electrical feed-through on probing pads and parasitic resistance of the routing lines, planar calibration structures are used.
III. Results and Discussion
A challenge with characterization of sidewall AlN films is the incapability of X-ray diffraction (XRD) for morphological study.
This limitation is due to the small sidewall surface of micro-fins compared to the spot size of the optical ray, which prevents from local characterization of crystal content and orientation. In the absence of XRD results for sidewall AlN films, selectedarea diffraction patterns, extracted from TEM images, are used 11 . A detailed set of bright-field cross-sectional transmission electron microscopy (BF-XTEM) images, taken across the sidewall film thickness, are used to identify the relative quality of the films over process variations, and also when compared with the films deposited on the planar surfaces in the same deposition run.
A. Optimization of Sidewall AlN Deposition Process
Figure 2 (a) compares the SEM images of the planar and sidewall AlN films for wafers 1 and 2. The two processes used for deposition of AlN on these wafers differentiated in the Ar and N2 pressures. In both wafers, the thickness of sidewall films were nearly a third of the planar films. The slower deposition rate on the sidewall can be attributed to the geometric factor reducing flux of sputter species to the sidewall compared to a plane wafer surface 12, 13 . Figure 2 (b) compares the TEM image of the planar and sidewall AlN films for wafers 1 and 2. From SEM and TEM images, it is evident that sputtering on sidewall results in tilted grains. Such titled growth can be attributed to the reduced mobility of ad-atoms on the sidewall and the increasing roughness of the film over the thickness 14, 15 . These in turn correspond to the non-perpendicular direction of the deposition flux and slowed nucleation of the sidewall film that resulted in growth of thick amorphous aluminum silicide (AlxSi1-x) layer at the interface with Si surface. This can be clearly observed comparing the TEM images of the planar and sidewall films in both processes. While the AlxSi1-x layer thickness is only 2 nm in planar films, its thickness increases to ~20 nm on the sidewall. The thicker amorphous AlxSi1-x layer results in excessive roughness of the sidewall surface, which in turn promotes tilted growth in individual grains 16 .
Comparing the SEM and TEM images for two processes it is evident that reduction in sputtering gas pressure significantly reduces the tilt angle of the grains. While the tilt angle of sidewall AlN grains in the process 1 is ~41°, it is ~53° for the process 2 with lowered deposition pressure. Figure 3 orientation and cross-thickness consistency of sidewall AlN c-axis with the reduction of sputtering pressure. Furthermore, the lower sputtering pressure results in improved crystallinity of the sidewall film. Figure 4 compares the arc-angle around (002) spot extracted from the diffraction patterns of sidewall films at 300 nm depth, for wafers 1 and 2. Arc-angles of ~21°+10° and ~11°+6.3° are measured for the wafers 1 and 2, respectively, which highlights the improvement in sidewall film crystallinity with lowered sputtering pressure.
Finally, figure 5 shows the SEM and compares the surface roughness of the sidewall AlN films for wafers 1 and 2. The sidewall films have significantly higher roughness compared to planar counterparts in both wafers. This is due to the granular growth of sidewall films. Furthermore, the surface roughness is significantly decreased by reducing the sputtering pressure in process 2. While a surface roughness of 158 nm (rms) is measured on the sidewall film in wafer 1, reducing the sputtering pressure results in a surface roughness of 29 nm (rms) in wafer 2. 
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B. Effect of Bottom Electrode
Following the optimization of the sputtering process on Si micro-fins, wafers 3 and 4 are used to explore the effect of different bottom electrodes on the texture and crystallinity of the sidewall films. Considering the higher quality of sidewall films sputtered at lower pressure, the process 2 is used for AlN deposition on wafers 3 and 4. It is well-known that addition of bottom electrode tremendously affects the quality of sputtered piezoelectric film [8] [9] [10] . The choice of bottom electrode material and deposition methodology is identified to ensure crystalline texture of the metallic film. In wafer 3, a 30 nm ALD Pt that is deposited on (110) Si shows a dominant (111) texture (0.1° FWHM on the top surface). In wafer 4, a seed AlN layer of ~20 nm is sputtered on the sidewall, using process 2, to promote (110)-crystalline growth of the bottom Mo layer. Figure 6 compares the TEM image of the sidewall bottom electrodes for wafers 3 and 4. While the ALD Pt has created a sharp interface with Si sidewall surface, the amorphous AlxSi1-x layer with a thickness of 20 nm is evident in wafer 4 and results in granular growth of bottom Mo with large roughness. Figure 7 compares the TEM image of the subsequent AlN layer deposited on the bottom electrodes in wafers 3 and 4. While wafer 3 with ALD Pt electrode shows a crystalline texture across the sidewall film 8 from 29 nm rms (wafer 2) to 16 nm rms (wafer 3). This improvement can be attributed to the effect of Pt layer as the diffusion barrier that prevents from formation of the rough and amorphous AlxSi1-x layer at Si interface.
IV. FinBAR characterization
FinBARs are fabricated on wafer 3 through deposition and patterning of sidewall Mo electrodes and opening access to bottom Pt electrode. The lower Q and keff 2 can be attributed to excessive intragranular surfaces in sidewall AlN that disperse the bulk acoustic vibration. Further work is needed to improve the quality of sidewall films to achieve FinBAR performances required for adoption in RF front-end applications.
